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1. Overview
Objectives: To better understand the roles of cloud-radiation-
circulation interaction (CRCI) on the organization and variability of
tropical convection in the ITCZ, and relationships with extreme
precipitation events (EPEs) in the tropics and mid-latitude storm tracks
over the North Pacific.

2. Results

Experiment setup: Effects of cloud-radiation interaction are
examined based on the differences between two 10-year (2007-2016)
Goddard MMF simulations with (Control) and without (NoCRF)
cloud-radiation feedback. [CRCI effect = Control – NoCRF]

Figure 4. Zonal mean profiles showing contributions of various diabatic heating
processes in the control climate: a) QMP, b) QSW +LW, c) QSW, d) QLW, e) DYN, and
f) DYN + QMP

Figure 3. Difference between Control (full physics) and NoCRF (no cloud
feedback) model experiments on a) precipitation, b) tropospheric temperature, and
c) mid-latitude storm track activities, during January.

Figure 5. Impacts of CRCI on zonal mean heating terms as a function of rain
intensity. January mean distributions of 10-year NoCRF experiment are shown as
contours.

CRCI and Extreme Precipitation
Figure 8. Comparison of AR Frequency (35N-55N) and associated changes in (b) rainfall PDF, (c) MODIS
Cloud Regime (CR) frequency and (d) rainfall profile over the western USA (140W-120W, 30N-50N).

Figure 10. Difference of (a) AR frequency and (b) GPM latent heating profile between
two winters (DJF 2016 and DJF2017).
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1. Introduction  
An Atmospheric River (AR) is a narrow corridor (>2000 m in length) of high moisture 

content in the lower and middle troposphere, found over the mid-latitude oceans.   Typically, at 
any given time during the winter hemisphere, 3-5 ARs  can be identified from satellite images in 
the form of filaments of high total precipitable water content, emanating from the moist 
atmosphere of the tropics  (Fig. 1, left panel).  Climatologically, AR’s over the Pacific and 
Atlantic Oceans are responsible for more than 90% of the water vapor transport from the tropics 
to extratropical latitudes [Newell et al., 1992].   ARs are also well known by non-technical 
names such as “Pineapple Express” to local forecasters and the public, linking abundant 
moisture transport in narrow regions across the Hawaii islands, to heavy precipitation on the US 
west coasts [Lackmann and Gyakum, 1999, Fig. 1, right panel].  When an AR encounters 
mountain terrain of the western North American, upward motion caused by orographic forcing 
can lead to enhanced precipitation.  Hence, ARs play key roles in the fresh water supply of 
western North America.  It has been estimated that land-falling AR can cause rain and snowfall 
that can account for 30-50% of California’s water supply [Guan et al., 2010; Ralph et al., 2010; 
Dettinger, 2011].   On the flip side, extreme precipitation events (EPE) associated with ARs can 
lead to disastrous flash flood and mudslides, causing severe damage to properties and life in 
many coastal regions, not only over western North America but also in many other regions of the 
world, including coastal South America, Norwegian coast, and the United Kingdom  [Ralph et 
al., 2006, 2010; Ralph and Dettinger, 2011; Gimeno et al., 2014]. 

 

 
Fig. 1 Satellite image of precipitable water on Jan. 4, 2016, when an atmospheric river delivered heavy rain causing 
major flash flood and mud-slide to central and southern California over a three-day period (left panel).   Cloud types 
associated with the  “Pine Apple Express” - a typical land-falling AR, spawning heavy precipitation over California 
(right panel). 
 

In a future warmer climate, in which atmospheric water vapor content will rise (~ 6.5 % 
oC-1) following the Clausius-Clapeyron relationship governing saturated water vapor and 
temperature, AR frequency and intensity, as well as associated extreme precipitation are 
expected to rise with adverse societal impacts [Ulbrich et al., 2008; Lavers et al., 2013].   A 
better understanding of causes and consequences of ARs and associated heavy precipitation will 
enable more reliable forecasts and advanced warning, as well as more effective planning of 
mitigation and adaptation strategies.    
	
2. Rationale and Motivation 

In this investigation, we will focus on ARs over the North Pacific, affecting west coastal 
regions of the western US.  Thanks to the advance of satellite observations, and improved 
atmospheric models, the synoptic and structural evolution of individual AR events are quite well 
known [Ralph et al., 2006, 2010;  Neiman et al., 2008; Leung and Qian, 2009; Dettinger et al., 
2011; Ralph and Dettinger, 2011, and many others].  These include the presence of low level jets 
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and CR3 are identified with high clouds with large anvils, associated with mesoscale complexes, 
while CR2 represents high clouds with  strong convective core coupled to vigorous ascent.  
CR4-6 are identified with mid-level cumulus congestus with moderate ascent, and CR6-7 with 
low-level, marine boundary layer clouds associated with weak subsidence.  CR10-12 represent 
mixed low clouds to clear sky conditions. We will analyze the relationships among CRs, rain 
and non-raining clouds, stratiform, and convective rain fractions from GPM IMERG rainfall 
data.   An example from our preliminary analysis (Fig. 6) shows a complex mixture of cloud 
types during a specific AR-land fall with EPE, showing ice-phase clouds (CR1-3)  over the 
heavy precipitation in coastal and regions and offshore,  interspersed with regions of middle, low 
and cloud-clear regions over the entire AR-cloud-precipitation system.  Composite analysis of 
distribution of cloud populations, relative to AR transport and circulation features will be carried 
out for active ARs events with strong EPEs over the coastal regions of western US. The overall 
radiation effects of clouds on the heat and water balances of the atmosphere-surface will be 
evaluated from MERRA2 and CERES data in Task 2.   

 
Task 1.2 EPE rainfall characteristics 

This task is complementary to 
Task 1.1.  Here, we focused on rainfall 
characteristics of EPE, using IMERG 
precipitation and GPM measurements of 
the vertical profiles of precipitation rate 
and reflectivity to identify extreme 
precipitation events (EPE) in the US 
west coast and examine rainfall 
characteristics as a function of the 
strength of AR.  To illustrate our 
approach, a preliminary comparison 
analysis has been conducted for active 
AR period in Dec 1-10, 2015 and 
inactive AR periods in Dec 11-20, 2015, 
during OLYMPEX [Houze et al., 2017].  
During the active period, land-falling ARs 
the US west coast and adjacent ocean 
(140-120oW) are under strong and 
frequent (over 24 times, based on 3-hourly 
data) AR influence, with EPEs lasting 
almost 3-days.  On the other hand, over 
the same region, AR was detected only 2-
3 times during the inactive period (Fig. 7a). More frequent arrivals of AR to the region are 
associated with increased frequency of convective clouds (CR1-3) and decrease of warm, low-
clouds (CR9-11) (Fig. 7c) and the shift of precipitation pdf toward more heavy rain rate (Fig. 
7b). DPR precipitation composite shows the increased heavy (warm) rain in lower layer as well 
as increase light rain (ice-phase) in mid- and upper troposphere (Fig. 7d). High-sensitive beam 
from Ka-PR (not shown) captures vertically extended features indicating ice-phase precipitation, 
even in very light rain rate bin  
 

In this task, we will extend the above analysis to compare ARs through the entire period 
(2014-2017), with more strict definition of AR, including no-AR cases. Strength of AR will be 
defined based on IVT (weak, moderate, and strong), and a grid with IVT below threshold (see 
Task 1.1) will be defined as no-AR case. In addition to EPEs identified in Task 1.1, we will also 
include no-AR related EPE by identifying EPE solely based on IMERG precipitation. We will 

 Figure 7 (a) Longitudinal distribution of the frequency of 3-hour 
period with of AR detected  between 30oN and 50oN, (b) 
Probability distribution of DPR surface rainfall over western US 
and eastern Pacific Ocean (140W-120W, 30N-50N), (c) Percent 
distribution of  MODIS cloud regimes (See text for definition of 
CR#), and (d) GPM DPR vertical profiles of precipitation rate 
difference between active and inactive AR periods. Contour shows 
mean for active period. 

Modulation of AR activities and ITCZ convection by CRCI

The Deep Tropics Squeeze (DTS) Hypothesis (Lau and Kim 2015)

Impacts of cloud-radiation-circulation interaction (CRCI) on organization of tropical convection, and extreme precipitation are examined by conducting two
sets of 10-year simulations using the Goddard MMF (GMMF), with (Control) and without cloud radiation feedback (NoCRF) under prescribed SST from
2007-2016. Changes in clouds, precipitation and circulation, heating due to moist physics, shortwave and longwave radiation, and dynamical tendency have
been examined based on the differences between Control and NoCRF experiments. Preliminary results show that:

n CRCI warms mid- to upper-tropospheric temperature, shifts deep convection to the warmer hemisphere (NH), increases equator-to-pole temperature
gradient, and enhances mid-latitude storm tracks.

n Both SW and LW contribute to warming of the tropical troposphere, while LW cooling dominates in the subtropics and extratropics above clouds.
n Anomalous heating by deep convection and precipitation in the tropics is strongly balanced by dynamics (adiabatic cooling in ascending air) in the tropics,

while anomalous LW cooling in the extratropics balances the heating due to increased poleward heat transport by the enhanced extratropical storm track.
n In the tropics and subtropics, the DTS effect is manifested in enhanced heating by both SW and LW, intensifying extreme precipitation in regions of heavy

precipitation, and increased LW cooling in drier, less cloudy regions, accentuating the contrast between wet and dry regions, i.e., wet-gets-warmer-and-
wetter, dry-gets-cooler-and-drier.

Preliminary examination of active vs. non-active periods of Atmospheric River (ARs) events over the North Pacific, suggest possible roles of CRCI in
modulating ITCZ convection, and frequency and intensity of ARs over the North Pacific, and extreme EPEs over US west coast during boreal winter.

3. Summary

Hypothesis	

Narrowing	and	intensification	of	convection	
core	of	ITCZ	and	increased	baroclinicity	
increases	storm	activities	in	extratropics	

Increase	MSE	meridional	gradient	

Strengthens	low-level	
convergence	and	convection	

Increase	precipitation	and	elevate	
altitude	of	maximum	divergent	outflow	

Widen	sinking	branch	of	Hadley	Cell	

Radiative	warming	by	longwave	and	
shortwave	in	convection	region	

ITCZ	SST	warming	 Increase	MSE	

Enhanced	longwave	cooling	to	
space	in	subsidence	region	

Narrowing and 
intensification 
of the ITCZ

Warming of 
the tropics, 
cooling of polar 
regions

Enhanced 
midlatitude
storm tracks

Figure 1. The “deep-tropics squeeze” (DTS) hypothesis: a deepening and narrowing of the ITCZ
convective core, rise in the level of upper level divergence of the Hadley Circulation (HC),
coupled to increased tropospheric drying in the expanded subtropical subsidence zone of the HC,
under sustained warmer SST conditions.

Figure 2. Flow chart indicating of the possible physical processes involved in CRCI in response
to SST warming.

Figure 7. Example of an AR and cloud distribution shown with MODIS cloud regime (CR) (Courtesy of
Lazaros Oreopoulos and his cloud group). Contour on right panel shows the vertically integrated water
vapor transport from surface to 300hPa (IVT) based on 3-hourly MERRA2 data.

Figure 6. IMERG precipitation for (a) the first and (b) the second 10-day in December 2015. Right panels
show (c) atmospheric river (AR) frequency and (d) OLR anomalies for December 2015. Contours indicate
monthly values of December 2015.

Modulation of vertical heating profile by CRCI
Future study

Figure 9. January mean latent heating profiles from (a) GPM (3HCSHv3) and (b) MMF
model simulation. (c) and (d) are same as (a) and (b) except for July.
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           QMP, heating by moist physics 
                                   QSW, shortwave heating   
                                   QLW,  longwave heating 
                                   Qres   transients, unresolved subgrid processes 
	
	
	

Moist Static Energy Balance Equation


